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Summary

Acute decompensation (AD) of cirrhosis is defined by the development of ascites, hepatic encephalop-
athy and/or variceal bleeding. Ascites is traditionally attributed to splanchnic arterial vasodilation and
left ventricular dysfunction, hepatic encephalopathy to hyperammonaemia, and variceal haemorrhage to
portal hypertension. Recent large-scale European observational studies have shown that systemic
inflammation is a hallmark of AD. Here we present a working hypothesis, the systemic inflammation
hypothesis, suggesting that systemic inflammation through an impairment of the functions of one or
more of the major organ systems may be a common theme and act synergistically with the traditional
mechanisms involved in the development of AD. Systemic inflammation may impair organ system
function through mechanisms which are not mutually exclusive. The first mechanism is a nitric oxide-
mediated accentuation of the preexisting splanchnic vasodilation, resulting in the overactivation of
the endogenous vasoconstrictor systems which elicit intense vasoconstriction and hypoperfusion in
certain vascular beds, in particular the renal circulation. Second, systemic inflammation may cause
immune-mediated tissue damage, a process called immunopathology. Finally, systemic inflammation
may induce important metabolic changes. Indeed, systemic inflammatory responses are energetically
expensive processes, requiring reallocation of nutrients (glucose, amino acids and lipids) to fuel immune
activation. Systemic inflammation also inhibits nutrient consumption in peripheral (non-immune) or-
gans, an effect that may provide one mechanism of reallocation and prioritisation of metabolic fuels for
inflammatory responses. However, the decrease in nutrient consumption in peripheral organs may result
in decreased mitochondrial production of ATP (energy) and subsequently impaired organ function.
© 2020 European Association for the Study of the Liver. Published by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
Cirrhosis is among the most complex chronic dis-
eases in humans. Its clinical course is dominated by
3 major complications (also known as de-
compensations): ascites, hepatic encephalopathy
and gastrointestinal haemorrhage. Moreover, it
seriously affects the function of the kidneys, brain,
heart, lungs, systemic circulation, intestines, im-
mune system, adrenal glands, thyroid, reproductive
organs and skeletal muscles.

The course of cirrhosis is classically divided into
2 major periods, compensated (asymptomatic) and
decompensated cirrhosis. The term acute decom-
pensation (AD) defines the acute development of
one or more major complication(s). The first
episode of AD signals the transition from
compensated to decompensated cirrhosis. The
course of decompensated cirrhosis is characterised
by repeated episodes of AD. During AD, patients are
extremely prone to developing bacterial infections,
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to the point that infections have been proposed as
the fourth major complication of the disease.
Finally, the recently recognised syndrome of acute-
on-chronic liver failure (ACLF), which is charac-
terised by single or multiple organ system failure
and elevated short-term mortality, always occurs
in the setting of an episode of AD. However, the
current paradigm of decompensated cirrhosis does
not consider AD as a specific clinical entity. Instead,
this paradigm considers that ascites, hepatic en-
cephalopathy and gastrointestinal haemorrhage
develop through different pathophysiological
pathways in the setting an acute aggravation of
portal hypertension or liver failure.

Systemic inflammation is a well-recognised
feature of decompensated cirrhosis. The aim of
the current article is to present a new hypothesis,
the systemic inflammation hypothesis, which,
instead of supporting specific and relatively inde-
pendent pathophysiological mechanisms for each
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Fig. 1. Combinations of major complications at AD development. The four-ellipse Venn’s
diagramwas constructed merging data from the CANONIC and PREDICT studies (2,467 patients).
of the major complications and organ failures of
AD, proposes systemic inflammation as the com-
mon driver of all these events. Systemic inflam-
mation, either acting alone or in concert with
organ-specific mechanisms (e.g. the effects of
hyperammonaemia on the brain), and depending
on its severity, would give rise to a wide array of
clinical forms, ranging from a relatively stable
decompensated cirrhosis with good quality of life
and prolonged survival to a rapidly evolving mul-
tiorgan ACLF syndrome that may lead to death
withing days of hospital admission.

The systemic inflammation hypothesis proposes
systemic inflammation as the key mechanism in
the progression of compensated to decompensated
cirrhosis, and the development of episodes of acute
decompensation of cirrhosis that are associated
with either a generalised extrahepatic organ sys-
tem dysfunction or organ system failure.

Current paradigm of AD
Modern concepts on the pathophysiology of asci-
tes, hepatic encephalopathy and gastrointestinal
haemorrhage in cirrhosis were introduced at the
end of the 19th century by Ernest Starling in Lon-
don, Ivan Pavlov in Saint Petersburg, and Augustin
Gilbert in Paris. Starling was first to demonstrate
that ascites develops due to an increased hepatic
lymph production secondary to high hydrostatic
and low oncotic pressures at the sinusoidal capil-
laries, with a significant proportion of lymph
escaping from subcapsular lymphatics directly into
the peritoneal cavity.1 Renal fluid retention was
subsequently proposed as the natural consequence
of a reduction in circulating blood volume. Pavlov
et al. went even further in their investigations on
the pathogenesis of hepatic encephalopathy. They
demonstrated that dogs with side-to-side porta-
caval anastomosis (Eck’s fistula) developed hepatic
encephalopathy only a few weeks after surgery in
association with a marked increase in the urinary
excretion of ammonium salts, and that this feature
could be reproduced by oral administration of this
molecule.2–4 Finally, portal hypertension was first
suggested by Gilbert in his book “Les Fonctions
Hépatiques”. He hypothesised that cirrhosis could
bring about a condition of hypertension in the
portal system, with enlargement of the natural
collaterals between the portal and the systemic
venous circulation and subsequent development of
oesophageal varices.5

The current paradigm of AD was developed
during the last century and consisted in a modifi-
cation of principles proposed in the 19th century.
Among the new concepts introduced, 3 are of spe-
cial interest for the systemic inflammation hypoth-
esis. The first relates to the functional component of
portal hypertension, which consists of an imbalance
between the local activity of vasodilators (i.e., nitric
oxide [NO] and hydrogen sulphide) and vasocon-
strictors (i.e., angiotensin II and endothelin)
Journal o
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molecules leading to increased intrahepatic
vascular resistance .6–10 Portal hypertension is
therefore not only the result of distortion of the
hepatic histological architecture due to fibrosis and
the formation of regenerative nodules, but also to an
intense dysregulation of intrahepatic vasoactive
mechanisms. An additional functional mechanism
of portal hypertension is the increased local release
of NO in the splanchnic microcirculation with sub-
sequent vasodilation and increased inflow of blood
into the portal venous system.10–12 The second
concept is that, despite numerous attempts to
identify potential alternative mechanisms, hyper-
ammonaemia is still considered a key factor in the
development of hepatic encephalopathy. Thus,
identification of new pathophysiological mecha-
nisms related to hyperammonaemia, new pathways
of ammonia entry into the brain, and new processes
by which ammonia impairs neuronal function,
emphasised themajor role of hyperammonaemia in
the development of hepatic encephalopathy.13–22

Finally, the pathophysiology of ascites was refor-
mulated in 1988 by an international group of in-
vestigators according to the new concept of portal
hypertension and in line with studies showing that
decompensated cirrhosis develops in the setting of
decreased vascular resistance in the splanchnic cir-
culation, decreased cardiac output, and homeostatic
activation of the renin-angiotensin-aldosterone
system, sympathetic nervous system and antidi-
uretic hormone to maintain arterial pressure (pe-
ripheral arterial vasodilation hypothesis of
ascites).23 Accordingly, splanchnic arterial vasodi-
lation and left ventricular dysfunction are consid-
ered the initial events of ascites formation, while
homeostatic activation of endogenous vasocon-
strictor systems is seen as the intermediate process,
and renal fluid retention forming ascites the final
consequence.
f Hepatology 2021 vol. 74 j 670–685 671
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Fig. 1 illustrates the complexity of AD. At the
time of admission to hospital, patients with AD
presented 15 different combinations of major
complications;24,25 approximately 1 in every 3 of
these patients presented ACLF at admission or
developed the syndrome during early follow-up
(1–3 months); also, the number of failing organ
systems (liver, kidney, brain, coagulation, circula-
tion and respiration) in these patients ranged be-
tween 1 and 6. Therefore, stratification of patients
with AD is a major challenge.

Background of systemic inflammation in
cirrhosis
Bacterial translocation, as defined by the passage of
viable bacteria or bacterial byproducts (pathogen-
associated molecular patterns [PAMPs], e.g. lipo-
polysaccharide [LPS]) through the gut mucosa to
the systemic circulation (Fig. 2A), and the second-
ary systemic inflammation, have been well-known
features of decompensated cirrhosis for many
years. In the 1950s, among the standard laboratory
tests routinely used for the assessment of patients
with cirrhosis, the plasma concentration of
gamma-globulin became an important component.
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Hypergammaglobulinemia, which is common in
decompensated cirrhosis, was considered a signal
of the escape of intestinal antigens into the sys-
temic circulation and correlated with prognosis. In
the 1960s, spontaneous bacterial peritonitis was
recognised as a specific infection of decom-
pensated cirrhosis secondary to translocation of
viable bacteria to the systemic circulation and as-
cites.26 Wilkinson et al., Tarao et al., and Triger et al.,
first reported in the 1970s that circulating levels of
LPS are increased in patients with acute liver fail-
ure or with cirrhosis and AD in association with
renal failure and poor prognosis.27–29 In 1998 and
2003, Navasa et al. and Albillos et al. presented data
suggesting for the first time that bacterial trans-
location and systemic inflammation are chronically
present in non-infected patients with decom-
pensated cirrhosis.30,31 For decades intestinal bac-
terial overgrowth and increased permeability of
the mucosal barrier to bacteria and bacterial
products were considered the main mechanism of
chronic bacterial translocation and systemic
inflammation in cirrhosis .32,33 This has recently
been confirmed by metagenomics studies showing
that an altered profile of human gut microbiota is
01 218 64 2
Week

sociated with bacterial overgrowth and qualitative changes in
r bacterial products from the intestinal lumen to the systemic
paracellular route between adjacent intestinal epithelial cells
lls in the lamina propria of the intestines, leading to release of
d to splanchnic arterial vasodilation that characterises portal
2016.41). (B) Instability of bacterial translocation. Sequential
mic inflammation, in 5 selected patients hospitalised for the
er discharge. Since patients did not present bacterial infections
terpreted as secondary to transient bursts of translocation of
NO, nitric oxide; PAMPs, pathogen-assocated molecular pat-
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associated with complications of cirrhosis .34,35

Finally, Fernández et al. have shown that chronic
systemic inflammation in cirrhosis, as estimated by
the sequential measurement of plasma interleukin
(IL)-6, is not a steady process. Indeed, in some
patients, plasma IL-6 levels displayed a waxing and
waning profile, with extremely high peaks, the
duration of which ranging from days to weeks36

(Fig. 2B). These peaks likely relate to transient ep-
isodes of massive translocation of PAMPs.

Systemic inflammation in decompensated
cirrhosis is a chronic condition related to sustained
translocation of bacterial products from the intes-
tinal lumen to the systemic circulation. Bursts of
systemic inflammation related to episodic aggra-
vations of bacterial translocation or to proin-
flammatory precipitants (mainly bacterial
infections, alcoholic hepatitis, and hepatitis B
reactivation) are the mechanisms by which organ
system dysfunctions or failures develop.

Interest in systemic inflammation in decom-
pensated cirrhosis increased after the pioneering
observational study by Rolando et al. of 887 pa-
tients admitted to hospital with acute liver fail-
ure.37 Patients were investigated by sequential
assessment of the systemic inflammatory response
syndrome (SIRS), which was present in 56% of pa-
tients irrespective of whether the patients had
bacterial infections or not. Severity of SIRS was
associated with a more critical illness, progression
of encephalopathy, multiorgan failure and death.
Following this publication, the number of studies
investigating systemic inflammation as a potential
mechanism of AD increased markedly (reviewed in
detail in references 38–41).

Infections are well-known precipitants of en-
cephalopathy. Indeed, 1 in every 3 patients hospi-
talised with encephalopathy also have bacterial
infections at admission, whereas the prevalence of
infections in patients with gastrointestinal hae-
morrhage is less than 2% 24,25 (Fig. 1). Moreover,
patients with decompensated cirrhosis and in-
fections challenged with a dose of oral amino acids
mimicking haemoglobin composition, had signifi-
cant impairment in neuropsychological scores
associated not only with hyperammonemia but
also SIRS, suggesting that inflammation modulates
the cerebral effect of ammonia.42 This synergy
probably relates to the effect of cytokines and
reactive molecules on blood-brain barrier perme-
ability, entry of ammonia and inflammatory me-
diators into the brain, secondary activation of
microglia and neuroinflammation .40,41,43,44

There is also evidence that systemic inflamma-
tion is involved in the acute development of ascites
and renal failure. In fact, ascites and bacterial in-
fections occur concurrently in 30% of patients
hospitalised with AD (Fig. 1). Moreover, bacterial
infections are well-recognised precipitants of
Journal o
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hepatorenal syndrome (HRS).45 Finally, as observed
in sepsis, systemic inflammation related to bacte-
rial infections in decompensated cirrhosis may
worsen liver failure, impair left ventricular
contractibility, and reduce vascular resistance in
the splanchnic and systemic circulation.38,39

Clinical studies on the potential role of systemic
inflammation in gastrointestinal haemorrhage in
cirrhosis are scarce .46,47 In contrast, there are
many experimental studies indicating that sys-
temic inflammation may exacerbate portal hyper-
tension (reviewed in detail by Mehta et al. in
reference 39). Serum bacterial DNA levels, an
inducer of inflammation, as well as the severity of
systemic inflammation correlate with the severity
of portal hypertension in patients with cirrhosis.46

Moreover, in patients with spontaneous bacterial
peritonitis, those with higher plasma levels of
tumour necrosis factor (TNF)-a had higher portal
pressures .47 Systemic inflammation activates Toll-
like receptors on hepatic stellate cells making them
responsive to the increased circulating levels or
local release of vasoconstrictors (endothelin,
norepinephrine, angiotensin II, leukotrienes and
thromboxane A2). These activated cells cover the
sinusoidal network through cellular extensions and
can modulate intrahepatic vascular resistance
through contractibility .9,48 Moreover, Kupffer cells,
the resident macrophages in the liver, are activated
in the setting of systemic inflammation, increasing
the production of proinflammatory cytokines and
reactive oxygen species (ROS) .49,50 Next, oxidative
stress decreases local NO bioavailability and activ-
ity through several mechanisms, including direct
interaction of ROS with NO, which leads to the
formation of peroxynitrite and other ROS ,51 and
inhibition of endothelial NO synthase (eNOS) via
increased formation of eNOS inhibitors .51 There-
fore, systemic inflammation may induce a
disequilibrium between vasoconstrictor and vaso-
dilator mechanisms within the liver, leading to
increased vascular resistance .39 This concept is
supported by the observation that high-density li-
poprotein administration, which has an anti-
inflammatory effect by neutralising circulating
LPS, attenuates the liver proinflammatory
response, restores liver eNOS activity and lowers
portal pressure in rats with experimental cirrhosis
challenged with LPS.52

Systemic inflammation is the common
mechanism for major complications and
organ failures in AD
Most of the concepts included in this section
largely derive from the CANONIC and PREDICT
studies. Both studies were observational pro-
spective investigations in large cohorts of non-
selected patients hospitalised with AD.24,25 The
aim of these studies was to characterise the ACLF
f Hepatology 2021 vol. 74 j 670–685 673
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syndrome at hospital admission (CANONIC study)
and to explore the critical periods prior to and
within 3 months after admission (early follow-up
period) in patients with AD without ACLF (PRE-
DICT study).

Considering the complexity of AD, patient
stratification (for prognostic classification) was the
initial analytical process in both studies. This was
relatively simple in patients with ACLF (AD-ACLF
phenotype, CANONIC study), since stratification
according to the number of organ system failures at
admission resulted in 3 clearly distinct subgroups
(ACLF-1, 1 organ system failure; ACLF-2, 2 organ
system failures; and ACLF-3, 3 to 6 organ system
failures), with different clinical courses and
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prognoses (Box1, Fig. 3A).24 However, this was less
easy in patients without ACLF (AD-No ACLF
phenotype, PREDICT study) until we considered the
clinical course during early follow-up as a stratifi-
cation criterion;25 this enabled us to identify the
following prognostic subgroups (Box 1, Fig. 3A):
stable decompensated cirrhosis (SDC, no death
during hospitalisation and no re-hospitalisation
during early follow-up), unstable decompensated
cirrhosis (UDC, death by any cause other than ACLF
during first hospitalisation or at least 1 re-
admission during early follow-up), and pre-ACLF
(ACLF development during the 3-month follow-
up period). The 3-month and 1-year mortality
rates after admission increased progressively and
     CC        SDC      UDC  Pre-ACLF ACLF-1 ACLF-2 ACLF-3
      (98)       (533)      (198)     (186)      (170)      (93)        (31)       
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p <0.001

1 PE ≥2 PEsterminate PE
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LF at admission included in the PREDICT study, and in patients
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reased across the different groups of patients up to the ACLF-3
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Box 1. Definitions proposed by the systemic inflammation hypothesis.

Acute decompensation-related definitions
Acute decompensation (AD): defines the acute development of ascites, encephalopathy, gastrointestinal bleeding, bacterial

infection or any combination of these complications. Bacterial infection may precipitate and/or constitutes part of the AD process.
Classification of infections according to their role on AD (PREDICT study)

� Precipitant: proven infection cured within 48 hours prior to the onset of AD or diagnosed at the time of AD.

� Decompensation: infections diagnosed at the time of the first episode of AD or thereafter.

� Unrelated: isolated bacterial infections in patients with compensated cirrhosis.

� Decompensation: each of the individual major complications of cirrhosis (ascites, encephalopathy, gastrointestinal
bleeding related to portal hypertension and infections).

Compensated cirrhosis: the disease phase prior to the first AD.
Decompensated cirrhosis: the disease phase after the first AD.
Acute-on-chronic liver failure (ACLF): AD associated with single or multiple (>−2) organ failure(s) and high risk (>15%) of short-

term (28-day) mortality.

Stratification of AD (CANONIC and PREDICT studies)
AD-No ACLF phenotype or “mere” AD: AD without diagnostic criteria of ACLF

� Stable decompensated cirrhosis (SDC). AD No-ACLF episode, no death during hospitalisation, no rehospitalisation during
early follow-up (3 months after admission).

� Unstable decompensated cirrhosis (UDC). AD No-ACLF episode, death during hospitalisation or early follow-up due to
causes other than ACLF, or one or more rehospitalisation during early follow-up.

� Pre-ACLF. AD No-ACLF episode progressing to ACLF development during early follow-up.

AD-ACLF phenotype: AD with diagnostic criteria of ACLF.

� ACLF grade 1 (ACLF-1). AD episode associated with single renal failure, single brain failure associated with renal
dysfunction, or single liver, coagulation, circulatory or respiratory failure associated with renal and/or brain dysfunction.

� ACLF grade 2 (ACLF-2). AD episode associated with 2 organ failures.

� ACLF grade 3 (ACLF-3). AD episode associated with 3–6 organ failures.

Clinical course of ACLD (CANONIC study)
Resolution of ACLF: evolution of AD-ACLF (any grade) to AD No-ACLF.
ACLF development: progression of AD No-ACLF to AD-ACLF (any grade).
Improvement of ACLF: decrease of ACLF severity by at least 1 grade.
Worsening of ACLF: increase of ACLF severity by at least 1 grade.
Steady ACLF: ACLF with no changes in grade.
in parallel with the severity of AD in all 6 sub-
groups except for the pre-ACLF subgroup, which
showed a distinctly higher mortality than the
ACLF-1 and ACLF-2 subgroups (Fig. 3A).

The identification of clear clinical phenotypes of
AD and ACLF enabled us to address key questions
regarding the relationships between these pheno-
types and systemic inflammation. These key
questions and their respective answers are dis-
cussed in the following sections

Do all patients with AD exhibit systemic
inflammation at hospital admission and during
early follow-up? Is the severity of systemic
inflammation correlated with the severity of
AD?
The plasma levels of IL-6, a sensitive marker of
systemic inflammation, and of other cytokines and
chemokines were evaluated to address this ques-
tion (PREDICT study database, unpublished ob-
servations). IL-6 plasma levels were normal at
admission in only 40 (3.3%) of the 1,211 patients
with AD included in the analysis (unpublished
observation). Additionally, 37 of these patients
Journal o
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showed high plasma levels of 2 or more other
markers of systemic inflammation (TNFa, IL-8, IL-
10, IL-1RA and C-reactive protein [CRP]). There-
fore, only 3 patients (0.24%) showed no biological
evidence of systemic inflammation at presenta-
tion. In contrast, of the 97 patients with
compensated cirrhosis (i.e. out-patients with no
history of AD) included in the analysis, 48 (49.4%)
showed normal plasma levels of IL-6, and 24
(24.7%) showed normal plasma levels of all other
markers of systemic inflammation. Moreover,
while plasma levels of these inflammation
markers were only slightly increased in patients
with compensated cirrhosis, they were markedly
elevated in most patients with AD (Fig. 3B).
Finally, elevated plasma levels of these inflam-
mation markers were observed in all patients with
AD during early follow-up. Therefore, the transi-
tion from compensated to decompensated
cirrhosis and the recurrence of AD occur in the
setting of severe systemic inflammation,25,53

which persists following AD resolution.
In the patients with AD, the intensity of sys-

temic inflammation at admission increases
f Hepatology 2021 vol. 74 j 670–685 675
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progressively from the best (UDC) to the worst
(ACLF-3) prognostic subgroup (Fig. 3B) .25,53 Sys-
temic inflammation also correlated with the
number of decompensations at admission, which is
also a prognostic marker in AD (Fig. 3C) (unpub-
lished observations). Therefore, the intensity of
systemic inflammation at admission correlates
with the clinical phenotypes of the AD syndrome
as well as short- and long-term prognosis.

Do type and number of precipitants impact the
severity of systemic inflammation at admission?
AD frequently follows a major clinical event that
may act as a precipitating factor. In Europe, the
most frequent precipitants are bacterial infections
and acute alcoholic hepatitis, which are present,
either as a single precipitant, pair of precipitants, or
associated with other precipitants, in more than
90% of patients with identifiable precipitants. Pa-
tients with any precipitant represent 44% of AD-No
ACLF patients and 70% of AD-ACLF patients.54

Bacterial infections and acute alcoholic hepatitis
are forceful inducers of systemic inflammation
through the release of PAMPs by bacteria or
damage-associated molecular patterns (DAMPs)
from necrotic hepatocytes. Bursts of bacterial
translocation are likely the precipitants of systemic
inflammation and AD in more than half of the AD-
No ACLF patients and in 30% of AD-ACLF patients.
The number but not the type of precipitants im-
pacts the severity of systemic inflammation
Journal of Hepatology 2021 vol. 74 j 6
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(Fig. 3D), suggesting a synergetic effect between
precipitating events .54

Does the evolution of systemic inflammation
correlate with the patient’s clinical course?
In addition to the clinical characteristics present at
hospital admission, the second feature that marks
the prognosis of patients with AD is the short-term
clinical course, which may follow different trajec-
tories within a few weeks after admission in pa-
tients with AD-No ACLF and within a few days in
patients with AD-ACLF. As indicated, patients with
AD-No ACLF may follow a distinct clinical course
which can be benign (SDC), moderately severe
(UDC), or extremely severe (pre-ACLF).25 In pa-
tients with SDC, the benign course is associated
with marked deactivation of systemic inflamma-
tion, while the progression to AD-ACLF observed in
patients with pre-ACLF occurs in association with a
significant increase in the grade of systemic
inflammation, emphasising systemic inflammation
as a key mechanism of ACLF (Fig. 4A). The clinical
course of patients with UDC, which is characterised
by a higher prevalence of surrogates of severe
portal hypertension, is predominantly related to
the severity of portal hypertension, which is asso-
ciated with systemic inflammation. In patients
with AD-ACLF, the ACLF syndrome may improve or
worsen within a few days after admission in the
context of significant deactivation or overactivation
of systemic inflammation, respectively (Fig. 4B) .53
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Therefore, in patients with AD-No ACLF as well as
AD-ACLF, the clinical course is closely correlated
with the evolution of systemic inflammation.

The systemic inflammation hypothesis proposes
that clinical features of acutely decompensated
cirrhosis, including ascites, encephalopathy,
gastrointestinal haemorrhage, bacterial infections,
and organ system dysfunction or failure, share a
common pathophysiological mechanism which is
systemic inflammation.

Which mechanisms underpin the link between
systemic inflammation and multiorgan
dysfunction or failure?
Systemic inflammation is traditionally thought to
cause organ dysfunction and failure through 2
different mechanisms which are not mutually
exclusive. First, systemic inflammation, by stimu-
lating NO production in splanchnic arterioles may
accentuate the preexisting systemic circulatory
dysfunction resulting in a further decrease in
effective arterial blood volume and overactivation
of endogenous vasoconstrictor systems. This over-
activation causes vasoconstriction in several
vascular beds resulting in organ hypoperfusion and
subsequently impaired organ function .23,38 For
example, intense renal vasoconstriction is a central
mechanism in the development of type-1 HRS (an
acute kidney injury that is specific to cirrhosis and
a form of ACLF). Second, systemic inflammation
may be associated with an activation of immune
cells resulting in tissue damage and impaired organ
function .38 Recently, a third mechanism that in-
volves metabolic alterations associated with sys-
temic inflammation and may develop on top of the
2 other mechanisms has been suggested to play a
role in the development of organ dysfunction and
failure in patients with cirrhosis. Indeed, results of
blood metabolomics obtained in a large series of
patients with AD of cirrhosis (with and without
ACLF) ,55–57 along with data accumulated in the
field of immunology of sepsis ,58–63 suggest that
activated innate immune cells, which have a high
metabolic demand, are prioritised in the allocation
of circulating nutrients (glucose, amino acids, fatty
acids) 57,64 (Fig. 5A). Thus, activated innate immune
cells are the site of an energy-consuming anabolic
metabolism required to produce soluble inflam-
matory mediators (proteins and lipids), acute-
phase response, respiratory burst, and cell prolif-
eration (resulting in leukocytosis). One way in
which systemic inflammation leads to the reallo-
cation of nutrients to the immune system is by
inhibiting nutrient consumption in peripheral or-
gans, an effect that results in decreased mito-
chondrial O2 consumption and ATP (energy)
production. The cost of decreasing mitochondrial
energy production may be peripheral organ
Journal o
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dysfunction and, in extreme cases, multiorgan
failure.

Connection between systemic inflammation
hypothesis and the classical physiopathological
concepts of ascites, encephalopathy and variceal
bleeding
In patients with cirrhosis there is no ascites
without sodium retention, encephalopathy
without hyperammonaemia or variceal bleeding
without significant portal hypertension. However,
none of these complications develop without sys-
temic inflammation. Therefore, systemic inflam-
mation and these organ-specific mechanisms are
likely to act synergistically in the development of
major complications of cirrhosis. In fact, as indi-
cated, systemic inflammation alone can affect brain
function and effective arterial hypovolemia and
increase portal hypertension in cirrhosis. It is also
likely that the acute burst of systemic inflamma-
tion preceding AD may reduce the critical
threshold level of cerebral ammonia, effective
arterial blood volume or portal hypertension
leading to the development of encephalopathy,
ascites and/or variceal haemorrhage.

Bacterial infections in AD may be caused
by immunoparesis
Immunoparesis was first described as a mechanism
of primary or secondary infection in patients with
sepsis .65–67 Among 407 patients with AD-ACLF
enrolled in the CANONIC study, the incidence of
infections at admission and during a 28-day
follow-up period was 65%.68 The corresponding
incidence of infections in the 1,071 patients with
AD-No ACLF from the PREDICT study was 53%.25,54

Such extremely high incidences of infections
strongly suggest immunoparesis. In addition, many
of our patients had severe alcoholic hepatitis and
some received corticosteroids, which may induce
immunosuppression, contributing to their suscep-
tibility to bacterial infections.69,70

There are results suggesting mechanisms by
which immunoparesis may develop in patients
with AD. The blood levels of soluble molecules
known to induce immunoparesis, including the
anti-inflammatory cytokines IL-10 and IL-1RA, and
the tryptophan catabolite quinolinate are markedly
increased in patients with AD-No ACLF and even
more so in those with AD-ACLF.53,71 Moreover, in
patients with AD, subsets of circulating monocytes
exhibit features of immune incompetence. These
cells are present in patients with AD-No ACLF and
their number increases in patients with AD-
ACLF.72–75 Patients with severe alcoholic hepatitis
have reduced frequencies of myeloid mononuclear
cells, including conventional and plasmacytoid
dendritic cells.76 Moreover, in these patients,
f Hepatology 2021 vol. 74 j 670–685 677
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circulating CD14+ monocytes exhibit transcrip-
tional alterations characterised by downregulation
of major innate immune and metabolic pathways
and upregulation of important genes known to
induce immunoparesis .76 These changes in gene
expression were closely associated with corre-
sponding changes in chromatin accessibility at the
gene promoter level, suggesting that epigenetic
regulation plays a crucial role in the development
of monocyte immunoparesis in the context of se-
vere alcoholic hepatitis. In patients with decom-
pensated cirrhosis, the ability of circulating
neutrophils to migrate, recognise bacteria, and kill
bacteria (by engulfment, phagocytosis, degranula-
tion, rapid production of large amounts of ROS
[respiratory burst] and neutrophil extracellular
trap [NET] formation) is defective.77 A defect in
respiratory burst is a hallmark of neutrophils and
monocytes in severe alcoholic hepatitis .77 Of note,
alterations in T cells and natural killer cells have
been shown to be involved in immunoparesis and
the development of secondary infections in pa-
tients with protracted sepsis .67 Because little is
known about T cells and natural killer cells in the
context of AD, these cells should be investigated in
this context. In sum, simultaneous increases in
plasma levels of soluble proinflammatory signals,
immunosuppressive molecules, and immune-
incompetent myeloid cells, strongly suggest that
immunoparesis occurs early, as a compensatory
mechanism in AD, to limit the vigorous proin-
flammatory response seen in affected patients.
Based on these data, bacterial infections present at
admission, or that develop thereafter, can be
considered as likely complications of immunopa-
resis within the framework of the systemic
inflammation hypothesis.
Liver failure and acute kidney injury in AD
as seen by the systemic inflammation
hypothesis
The liver is a component of the innate immune
system. PAMPs and proinflammatory cytokines
induce sustained synthesis of positive acute-phase
proteins, including CRP, serum amyloid protein and
mannose-binding protein, which promotes path-
ogen clearance through complement activation
and phagocytosis .78 Another acute-phase protein
is hepcidin, whose role is to limit the availability of
iron, which is vital for invading microbes .79 The
liver is, therefore, a site of an extensive energy-
consuming anabolic metabolism during systemic
inflammation. To cope with the high cost of the
synthesis of positive acute-phase proteins, repres-
sion of the synthesis of negative acute-phase pro-
teins, such as albumin and transferrin, occurs.78 It
is plausible that the de novo synthesis of other
hepatic proteins (e.g. coagulation proteins) de-
creases in order to “spare” oxygen. Indeed, sys-
temic inflammation also inhibits hepatic
Journal o
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biotransformation,80 the enzymatic transformation
of lipophilic molecules (i.e. bilirubin) into water
soluble molecules, which is an important energy-
consuming process. The inhibition of hepatic
biotransformation in sepsis is induced by proin-
flammatory cytokines and results in hyper-
bilirubinemia and jaundice .80 Collectively, these
findings suggest that systemic inflammation in AD
elicits an energetic trade-off between the synthesis
of acute-phase proteins and other biosynthetic
processes, resulting in the progressive decline of
liver function and, ultimately, liver failure.

Patients with cirrhosis are prone to develop
acute kidney injury, which is traditionally thought
to be functional and related to renal hypoperfusion.
Acute kidney injury, which also commonly de-
velops in the general population of patients with
sepsis, is traditionally attributed to renal tubular
cell death (necrosis or apoptosis) secondary to
renal ischaemia. However, these traditional views
are challenged by recent findings. Acute kidney
injury associated with sepsis may develop in the
setting of normal or even increased total renal
perfusion, it commonly occurs in the absence of
significant histological signs of tubular necrosis or
apoptosis, and is characterised by heterogeneous
dysfunction in the microcirculation and down-
regulation of energy production by the tubular
epithelial cells.81–83 That said, in the only study
published to date assessing renal lesions in bi-
opsies from patients with decompensated
cirrhosis, Trawalé et al. observed fibrosis and
interstitial inflammation by mononuclear and
polymorphonuclear leukocytes as the most obvious
features .84 Inflammation was closely associated
with renal failure. Overexpression of Toll-like re-
ceptors by epithelial tubular cells was also reported
in another study on kidney biopsies.85 Therefore,
the following 4 major steps proposed to explain the
development of acute kidney injury during
sepsis86,87 may also be applied to acute kidney
injury in cirrhosis: i) Damage of the glycocalyx
covering the microvascular endothelium by PAMPs,
DAMPs and cytokines, exposing adhesion mole-
cules and facilitating the transmigration of acti-
vated leukocytes to the peritubular interstitium. ii)
Extension of inflammation to the epithelial tubular
cells, either via interaction of circulating PAMPs,
DAMPs and inflammatory cytokines with luminal
Toll-like receptors on epithelial tubular cells, or via
the extension of interstitial inflammation to the
tubules, or both. iii) Induction of tubular cell
hypometabolism by the inflammatory milieu
enabling nutrients to be reallocated to activated
immune cells. iv) Downregulation of tubular
function, leading to increased sodium release to the
macula densa, activation of the glomerulus-tubular
feedback mechanism, massive intrarenal release of
angiotensin II, vasoconstriction of the afferent ar-
teries and reduction of the glomerular filtration
rate.
f Hepatology 2021 vol. 74 j 670–685 679
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This new pathophysiological concept is also
supported by the recent observation of Piano et al.
that the renal response to terlipressin and albumin
in patients with type-1 HRS is highly dependent on
the grade of ACLF .88 Resolution of HRS (normal-
isation of serum creatinine) was obtained in 60% of
patients with ACLF-1, in 42% of patients with ACLF-
2, and in only 29% of patients with ACLF-3. It ap-
pears as if both renal vasoconstriction secondary to
effective arterial hypovolemia and intrarenal
mechanisms secondary to renal inflammation
operate simultaneously in patients with HRS.
When systemic inflammation, and probably also
renal inflammation, is not extreme, as in patients
with ACLF-1, HRS likely responds to improvement
in systemic haemodynamics by plasma volume
expansion and vasoconstrictors. However, this is
not the case in patients with ACLF-3, in whom HRS
would be predominantly related to renal
inflammation.

Albumin treatment downregulates
systemic inflammation in decompensated
cirrhosis
Prevention of circulatory dysfunction after thera-
peutic paracentesis and prophylaxis and treatment
of HRS are well-recognised indications for albumin
treatment in cirrhosis .89 Moreover, long-term al-
bumin treatment has recently been shown to
reduce the number of episodes of AD and to in-
crease survival in patients with cirrhosis and AD-
No ACLF.90 A recent study in patients with AD
suggests that these beneficial effects are related to
downregulation of systemic inflammation since
both acute and long-term (14 weeks) albumin
administration at high dosages significantly
reduced the plasma levels of CRP and cytokines
[36].

Systemic inflammation causes multiorgan
dysfunction (AD No-ACLF) or failure (AD-ACLF)
through 3 different mechanisms: first, synergy
with organ-specific pathophysiological pathways;
second, immunopathology (direct tissue damage
by the inflammatory process); and third, reduction
of mitochondrial respiration (hypometabolism) in
the non-immune organs as a metabolic regulation
reallocating nutrients to the activated immune
system.

The molecular mechanisms underlying the
immunomodulatory properties of albumin were
also recently identified .91 Experiments in isolated
leukocytes from patients with AD-No ACLF and AD-
ACLF demonstrated that albumin abolishes cyto-
kine expression and release induced by bacterial
DNA rich in unmethylated CpG-DNA (Fig. 6A,B).
The immunomodulatory actions of albumin were
related to its internalisation into the cytosol of
leukocytes (Fig. 6C) and, specifically, to the endo-
somal compartment (Fig. 6D), where CpG-DNA
binds Toll-like receptor 9, its cognate receptor.92
Journal of Hepatology 2021 vol. 74 j 6
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These findings suggest that albumin modulates
responses to PAMPs through interaction with
intracellular Toll-like receptor signalling pathways.

Main proposals of the systemic
inflammation hypothesis
The proposals presented here are based on data
from clinical studies in patients with decom-
pensated cirrhosis, the authors’ clinical experience,
and concepts derived from studies of other dis-
eases associated with systemic inflammation and
multiorgan failure.
1. The term AD is used to define the acute devel-

opment of one or more of the major complica-
tions of cirrhosis. These complications are
traditionally thought to develop due to different
pathophysiological mechanisms. Acute wors-
ening of portal hypertension and/or liver failure
are considered the initial triggers of AD. In
contrast, the systemic inflammation hypothesis
proposes that AD is a specific clinical entity and
that all major complications, including organ
system failures, share a common pathophysio-
logical mechanism.

2. Systemic inflammation is the major driver of
progression from compensated to decom-
pensated cirrhosis, the recurrence of AD during
the clinical course of the disease, and the
development of single or multiple organ system
failures.

3. Once the first episode of AD develops, systemic
inflammation follows a chronic course, with
transient episodes of reactivation due to identi-
fiable proinflammatory precipitants, or to bursts
of translocation of viable intestinal bacteria or
bacterial products. The repeated episodes of AD
during the clinical course of decompensated
cirrhosis develop in the setting of these reac-
tivations of the immune system.

4. ACLF is the extreme expression of severe sys-
temic inflammation and is associated with a
very high risk of short-term mortality. When
systemic inflammation progresses rapidly, major
decompensations and organ failures coincide
leading to the AD-ACLF phenotype which,
depending on the intensity of the inflammatory
reaction, may evolve to ACLF-1, ACLF-2 or ACLF-
3. However, if the progression of systemic
inflammation is slower, as it is in patients with
pre-ACLF, the AD-No ACLF phenotype precedes
ACLF development by days or some weeks. Un-
fortunately, at present, patients with pre-ACLF
cannot be differentiated from patients with
UDC and SDC at hospital admission based on
standard clinical and laboratory parameters.
Once ACLF develops, a patient’s clinical course
critically depends on the evolution of systemic
inflammation.

5. The clinical course of patients with AD associ-
ated with moderate, non-progressive systemic
70–685
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inflammation depends on the grade of portal
hypertension. Patients with severe portal hy-
pertension frequently develop an unstable clin-
ical course (UDC), requiring frequent hospital re-
admission, and significant short- and long-term
mortality. In contrast, if portal hypertension is
Journal o
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moderate, systemic inflammation improves after
the episode of AD, patients develop a benign
stable course (SDC), and long-term mortality is
low.

6. Re-compensation of decompensated cirrhosis
following successful aetiological treatment (i.e.
f Hepatology 2021 vol. 74 j 670–685 681
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antiviral treatment or sustained alcohol with-
drawal) eliminates the risk of AD by improving
the diseased liver, which is the primary cause of
systemic inflammation.

7. Systemic inflammation perturbs organ function
or causes organ failure (AD-ACLF) through 3
different pathways:
� acting in synergy with organ-specific mecha-

nisms (hyperammonaemia in hepatic en-
cephalopathy, portal hypertension in variceal
haemorrhage and effective arterial hypo-
volemia in ascites).

� through immune pathology (damage of
endothelial glycocalyx, migration of inflam-
matory cells, and direct tissue damage by
cytotoxic mediators).

� through metabolic dysregulation. This is a
major mechanism of AD. Systemic inflamma-
tory responses are energetically expensive
processes requiring reallocation of nutrients
to the immune system. Therefore, immunity
competes with other maintenance pro-
grammes (including peripheral organ func-
tion homeostasis). The systemic inflammation
hypothesis postulates that immune activation
in AD causes an energetic trade-off with
mechanisms of organ function homeostasis,
resulting in peripheral organ hypometabolism
and organ dysfunction (AD-No ACLF) or organ
failure (AD-ACLF).

8. Systemic inflammation hypothesis and the
traditional organ-specific mechanisms of AD
(portal hypertension, effective arterial blood
volume, and hyperammonaemia) are not mutu-
ally exclusive, but rather complementary, since
they may act synergistically in the development
of ascites and HRS, encephalopathy and gastro-
intestinal haemorrhage. The systemic inflam-
mation hypothesis offers a rational explanation
for the development of multiorgan dysfunction/
failure that characterises decompensated
cirrhosis.
Final remarks
The systemic inflammation hypothesis shows bet-
ter agreement with the clinical features of
decompensated cirrhosis than the traditional
pathophysiological paradigm of the disease.
Moreover, the hypothesis is supported by the close
relationship between intensity and course of sys-
temic inflammation, and features of decom-
pensated cirrhosis, including severity of AD, clinical
course and patient survival. Finally, the identifica-
tion of an intense metabolic dysregulation, with
hypometabolism in peripheral organs, as observed
in patients with severe sepsis and other conditions
associated with systemic inflammation, offers a
rational explanation for the multiorgan
Journal of Hepatology 2021 vol. 74 j 6
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dysfunction/failure associated with advanced
cirrhosis. We are aware that many aspects pro-
posed here require further investigation. In
particular, investigations should address the po-
tential role of bacterial translocation in the chronic
systemic inflammation of decompensated cirrhosis
and the question of whether acute increases in
translocation can explain the frequent AD episodes
not associated with identifiable precipitants. The
main objective of proposing the systemic inflam-
mation hypothesis for cirrhosis is to provide a new
perspective for research that will hopefully facili-
tate the development of new pathophysiological
concepts and improved targeted treatments.

Abbreviations
ACLF, acute-on-chronic liver failure; AD, acute
decompensation; CRP, C-reactive protein; DAMPs,
damage-associated molecular patterns; eNOS,
endothelial NO synthase; IL-, interleukin-; LPS,
lipopolysaccharide; NO, nitric oxide; PAMPs, path-
ogen-associated molecular patterns; ROS, reactive
oxygen species; SDC, stable decompensated
cirrhosis; SIRS, systemic inflammatory response
syndrome; TNF, tumour necrosis factor; UDC, un-
stable decompensated cirrhosis.

Financial support
The CANONIC and the PREDICT studies were sup-
ported by the European Foundation for the Study of
Chronic Liver Failure (EF-Clif). EF-Clif is a non-
profit private organization. EF-Clif receives unre-
stricted donations from Cellex Foundation and
Grifols. EF-Clif is partner, contributor and coordi-
nator in several EU Horizon 2020 program projects.
JT was appointed as visiting professor on EF-Clif for
the execution of the study by a grant from Cellex
Foundation. The funders had no influence on the
design and content of the article.

Conflict of interest
Rajiv Jalan has research collaborations with Yaqrit
and Takeda. Rajiv Jalan is the inventor of OPA,
which has been patented by UCL and licensed to
Mallinckrodt Pharma. He is also the founder of
Yaqrit Ltd. (a spin-out company from University
College London), Thoeris GmbH, Cyberliver Ltd.
and Hepyx Ltd. None of the other authors have
conflicts of interest in relation to the reported
study.

Please refer to the accompanying ICMJE disclo-
sure forms for further details.

Authors’ contributions
VA, PA, RM and RJ elaborated the hypothesis. PA,
RM, RJ are co-first authors of the article. VA, PA,
RM, RJ and JC wrote the article. JC, JT and JF selected
the data from the CANONIC and PREDICT studies in
support of the hypothesis and designed the figures.
70–685

ey.com by Elsevier on June 11, 2021. 
. Elsevier Inc. All rights reserved.



JC, JT, JF, TG, PC and MB participated in the final
discussion of the hypothesis and the critical revi-
sion of the manuscript.

Data availability statement
Data used to write this review article were mostly
obtained from studies listed in the References
section. Unpublished data presented here will be
available upon request.

Acknowledgements
The authors are very grateful to the investigators of
the CLIF Consortium and Grifols Chair who
Journal o

Downloaded for Anonymous User (n/a)
For personal use only. No other uses
participated in the CANONIC and PREDICT studies and
the staff members of the EF-Clif for their excellent
work and enthusiasm, to Ferran Aguilar, Alex Amorós,
Elisabet García and Pere Lluis León for the design and
elaboration of the figures, to Cecilia Ducco and Yolanda
Godoy for excellent assistance and to Jordi Segarra
from Cellex Foundation for his support.

Supplementary data
Supplementary data to this article can be found
online at https://doi.org/10.1016/j.jhep.2020.11.048.
References
Author names in bold designate shared co-first authorship

[1] Starling EH. On the absorption of fluids from the connective tissue spaces.
J Physiol (Lond) 1896;19:312–326.

[2] Eck NV. Kvoprosm operevyazkie vorotnois veni: predvarietelnoye soob-
schyenye. Voen Med J 1877;130:1–2.

[3] Hahn M, Massen O, Nenski M, Pawlov J. Die Eck’scche fistel zeischen der
unteren hohlene und der pfortader und inre folgen für den organismus.
Arch Exp Pathol Parmakol 1893;32:161–210.

[4] Nencki M, Zaleski J. Ueber die bestimmung des amoniaks in thierischen
fluessigkeiten und geweben. Arch Exp Pathol Pharmakol 1895;36:385–
396.

[5] Balducci G, Sterpetti AV, Ventura M. A short history or portal hypertension
and its management. J Gastroenterol Hepatol 2016;31:541–545.

[6] Mittal MK, Gupta TK, Lee FY, Sieber CC, Groszmann RJ. Nitric oxide
modulates hepatic vascular tone in normal rat liver. Am J Physiol
1994;267:G416–G422.

[7] Shah V, Toruner M, Haddad F, Cadelina G, Papapetropulos A, Choo K, et al.
Impaired endothelial nitric oxide synthase activity associated with
enhanced caveolin biding in experimental cirrhosis in the rat. Gastroen-
terology 1999;117:122–128.

[8] Fioruci S, Antonelli E, Mencarelli A, Orlandi S, Rwnga B, Rizzo G, et al. The
third gas: H2S regulates perfusion pressure in both the isolated and
perfused normal rat liver and cirrhosis. Hepatology 2005;42:539–548.

[9] Bataller R, Ginès P, Nicolas JM, Gorbing MN, García-Ramallo E, Gasull X,
et al. Angiotensin II of human hepatic stellate cells. Gastroenterology
2000;118:1149–1156.

[10] Vorobioff J, Bredfeldt JE, Groszmann RJ. Increased blood flow through the
portal system in cirrhotic rats. Gastroenterology 1984;87:1120–1123.

[11] Wiest R, Groszmann RJ. The paradox of nitric oxide in cirrhosis and portal
hypertension: too much, not enough. Hepatology 2002;35:478–491.

[12] Bosch J, Groszmann RJ, Shah VH. Evolution in the understanding of the
pathophysiological basis of portal hypertension: how changes in para-
digm are leading to successful new treatments. J Hepatol 2015;62:121–
130.

[13] Ole Damink SW, Deutz NE, Dejong CH, Soeters PB, Jalan R. Interorgan
ammonia metabolism in liver failure. Neurochem Int 2002;41:177–188.

[14] Ott P, Vilstrup H. Cerebral effects of ammonia in liver disease: current
hypothesis. Metab Brain Dis 2014;29:901–911.

[15] Schousboe A, Bak LA, Waagepetersen HS. Astrocytic control of biosyn-
thesis and turnover of the neurotransmitters glutamate and GABA. Front
Endrocrinol 2020;4:102. https://doi.org/10.3389/fendo.2013.00102.

[16] Butterworth RF. Neurotransmitter dysfunction in hepatic encephalopathy.
Metab Brain Dis 2001;16:55–65.

[17] Hadjihambi A, Rose CF, Jalan R. Novel insights into ammonia-mediated
neurotoxicity pointing to potential new therapeutic strategies. Hepatol-
ogy 2014;60:1101–1103.

[18] Häussiger D, Schliess F. Astrocyte swelling and protein tyrosine nitration
in hepatic encephalopathy. Neurochen Int 2005;47:64–70.

[19] Jiang W, Desjadins P, Butterworth RF. Cerebral inflammation contributes
to encephalopathy and brain edema in acute liver failure: protective effect
of minocycline. J Neurochem 2009;109:485–493.

[20] Weiss N, Barbier Saint Hilaire P, Colsh B, Isnard F, Attala S, Shaefer A, et al.
Cerebrospinal fluid metabolomics highlights dysregulation of energy
f Hepatology 2

 at Hospital of Pado
 without permission
metabolism in overt hepatic encephalopathy. J Hepatol 2016;65:1120–
1130.

[21] Panickar KE, Jayakumar AR, Rama Rao KV, Novemberg MD. Down-
regulation of the 18-KDa translocator proteins: effect on ammonia-
induced mitochondrial permeability transition and cell swelling in
cultured astrocytes. Glya 2007;55:1270–1277.

[22] Ong JP, Aggarwal A, Krieger D, Easley K, Karafa M, Van Lente F, et al.
Correlation between ammonia levels and the severity of hepatic en-
cephalopathy. Am J Med 2003;114:188–193.

[23] Schrier RW, Arroyo V, Bernardi M, Epstein M, Henriksen JH, Rodés J. Pe-
ripheral arterial vasodilation hypothesis: a proposal for the initiation of
renal sodium and water retention in cirrhosis. Hepatology 1988;8:1151–
1157.

[24] Moreau R, Jalan R, Ginès P, Pavesi M, Angeli P, Cordoba J, et al. Acute-on-
chronic liver failure is a distinct syndrome that develops in patients with
acute decompensation of cirrhosis. Gastroenterology 2013;144:1426–
1437.

[25] Trebicka J, Fernández J, Papp M, Caraceni P, Laleman W, Gambino C, et al.
The Predict study uncovers three clinical courses of acutely decom-
pensated cirrhosis that have distinct pathophysiology. J Hepatol
2020;73:842–854.

[26] Conn HO, Fessel JM. Spontaneous bacterial peritonitis: variations on a
theme. Medicine 1971;50:161–197.

[27] Wilkinson S, Arroyo V, Gazzard B, Moodie H, Williams R. Relation of renal
impairment and haemorrhagic diathesis to endotoxaemia in fulminant
hepatic failure. Lancet 1974;1:521–524.

[28] Tarao K, So K, Moroi T, Iknshi T, Suyama T. Detection of endotoxin in
plasma and ascitic fluid of patients with cirrhosis: its clinical significance.
Gastroenterology 1977;73:539–542.

[29] Triger DR, Boyer TD, Levin J. Portal and systemic bacteremia and endo-
toxemia in liver disease. Gut 1978;19:935–939.

[30] Navasa M, FolloA, Filella X, Jimenez W, Francitorra A, Planas R, et al. Tu-
mor necrosis factor and interleukin-6 in spontaneous bacterial peritonitis
in cirrhosis: relationship with the development of renal impairment and
mortality. Hepatology 1998;27:1227–1232.

[31] Albillos A, de la Hera A, González M, Moya JL, Calleja JL, Montserrat M.
Increased lipopolysaccharide binding protein with marked immune and
hemodynamic derangement. Hepatology 2003;37:208–217.

[32] Shah A, Shanahan E, Macdonald GA, Fletcher L, Ghasemi P, Morrison M,
et al. Systematic review and meta-analysis: prevalence of small intestinal
bacterial overgrowth in chronic liver disease. Semin Liver Dis
2017;37:388–400.

[33] Albillos A, De Gottardi A, Rescigno M. The gut-liver axis in liver disease:
pathophysiological basis for therapy. J Hepatol 2020;72:558–577.

[34] Qin N, Yang F, Li A, Prifti E, Chen Y, Shao L, et al. Alterations of the
human gut microbiome in liver cirrhosis. Nature 2014;513:59–64.

[35] Bajaj JS, Heuman DM, apb Hylemon, Sanyal AJ, White MB, Monteith P,
et al. Altered profile of human microbiome is associated with cirrhosis
and its complications. J Hepatol 2014;60:940–947.

[36] Fernández J, Clària J, Amorós A, Aguilar F, Castro M, Casulleras M, et al.
Effects of albumin treatment on systemic and portal hemodynamics and
systemic Inflammation in patients with decompensated cirrhosis.
Gastroenterology 2019;157:149–162.

[37] Rolando N, Wade J, Davalos M, Wendon J, Philpot-Howard J, Williams R.
The systemic inflammatory response syndrome and acute liver failure.
Hepatology 2000;32:734–739.
021 vol. 74 j 670–685 683

va from ClinicalKey.com by Elsevier on June 11, 2021. 
. Copyright ©2021. Elsevier Inc. All rights reserved.

https://doi.org/10.1016/j.jhep.2020.11.048
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref1
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref1
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref2
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref2
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref3
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref3
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref3
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref4
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref4
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref4
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref5
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref5
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref6
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref6
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref6
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref7
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref7
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref7
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref7
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref8
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref8
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref8
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref9
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref9
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref9
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref10
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref10
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref11
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref11
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref12
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref12
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref12
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref12
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref13
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref13
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref14
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref14
https://doi.org/10.3389/fendo.2013.00102
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref16
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref16
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref17
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref17
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref17
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref18
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref18
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref19
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref19
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref19
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref20
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref20
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref20
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref20
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref21
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref21
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref21
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref21
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref22
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref22
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref22
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref23
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref23
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref23
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref23
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref24
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref24
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref24
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref24
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref25
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref25
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref25
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref25
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref26
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref26
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref27
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref27
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref27
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref28
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref28
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref28
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref29
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref29
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref30
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref30
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref30
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref30
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref31
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref31
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref31
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref32
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref32
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref32
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref32
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref33
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref33
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref34
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref34
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref35
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref35
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref35
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref36
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref36
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref36
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref36
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref37
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref37
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref37


Review
[38] Bernardi M, Moreau R, Angeli P, Schnabl B, Arroyo V. Mechanisms of
decompensation and organ failure in cirrhosis. From the peripheral
arterial vasodilation to systemic inflammation hypothesis. J Hepatol
2015;63:1272–1284.

[39] Mehta G, Gustot T, Mookerjee, García-Pagan JC, Fallon MB, Shah VH, et al.
Inflammation and portal hypertension-The undiscovered country.
J Hepatol 2014;61:155–163.

[40] Butterworth RF. The liver-brain axis in liver failure: neuroinflammation
and encephalopathy. Nat Rev Gastroenterol Hepatol 2013;10:522–528.

[41] Aldridge DR, Tranah EJ, Schwcross DL. Pathogenesis of hepatic enceph-
alopathy: role of ammonia and systemic inflammation. J Clin Exp Hepatol
2015;5:S5–S20.

[42] Shawcross DL, Davies NA, Williams R, García-Pagan JC, Fallon MB, Shah V,
et al. Systemic inflammatory response exacerbates the neuropsycholog-
ical effects of induced hyperammonemia in cirrhosis. J Hepatol
2004;40:247–254.

[43] Meneses G, Cárdenas G, Espinosa A, Rassie D, Perez-Osorio IN, Bárcea B,
et al. Sepsis: developing new alternatives to reduce neuroinflammation
and attenuate brain injury. Ann NY Acad 2019;1437:43–56.

[44] Danieslki LG, Della Giustina AD, Badaway M, Barichuelo JQ, Quevedo J,
Dal-Pizzol F. Blood barrier breakdown as a cause and consequence of
neuroinflammation in sepsis. Mol Neurobiol 2018;55:1045–1056.

[45] Tandon P, Garcia-Tsao G. Bacterial infections, sepsis and multiorgan
failure in cirrhosis. Semin Liver Dis 2008;28:26–42.

[46] Bellot P, García-Pagán JC, Frances RR, Abraldes JG, Navasa M, Pérez-
Mateo M, et al. Bacterial DNA translocation is associated with systemic
circulatory abnormalities and intrahepatic endothelial dysfunction in
patients with cirrhosis. Hepatology 2010;52:2044–2052.

[47] Ruiz del Arbol L, Urmann J, Fernández J, González M, Navasa M,
Monescillo A, et al. Systemic renal and hepatic hemodynamics derange-
ment in cirrhotic patients with spontaneous bacterial peritonitis. Hep-
atology 2003;38:1210–1218.

[48] Rockey DC, Weisiger RA. Endothelin induced contractibility of stellate
cells from normal and cirrhotic rat liver: implications for regulation of
portal pressure and resistance. Hepatology 1996;24:233–240.

[49] Mandrekar RP, Szabo G. Signaling pathways in alcohol-induced liver
inflammation. J Hepatol 2009;50:1258–1266.

[50] Wheeler MD, Kono H, Yin M, Nakagami M, Uesigi T, Arteel GG, et al. The
role of Kupffer cells oxidant production in early ethanol-induced liver
disease. Free Radic Biol Med 2001;31:1544–1549.

[51] Karaa A, Kamoun WS, Clemens MG. Oxidative stress disrupts nitric oxide
synthase activation in liver endothelial cells. Free Radic Biol Med
2005;39:1320–1331.

[52] Thabut O, Tazi KA, Bonefont-Rouselot D, Aller M, Farges O, Guimont MC,
et al. High-density lipoprotein administration attenuates liver proin-
flammatory response, restores liver endothelial nitric oxide synthase
activity, and lowers portal pressure in cirrhotic rats. Hepatology
2007;46:1893–1906.

[53] Clària J, Stauber RE, Coenraad MJ, Moreau R, Jalan R, Pavesi M, et al.
Systemic inflammation in decompensated cirrhosis: characterization and
role in acute-on-chronic liver failure. Hepatology 2016;64:1249–1264.

[54] Trebicka J, Fernández J, Papp M, Caraceni P, Laleman W, Gambino C, et al.
Predict identifies precipitating events with impact on clinical course and
outcome in acutely decompensated cirrhosis. J Hepatol 2021 (in press).

[55] Moreau R, Clària J, Aguilar F, Fenaille F, Lozano JJ, Junot C, et al. Blood
metabolomics uncovers inflammation-associated mitochondrial
dysfunction as a potential mechanism underlying ACLF. J Hepatol
2020;72:688–701.

[56] López-Vicario C, Checa A, Urdangarin A, Aguilar F, Alcaraz-Quiles J,
Caraceni P, et al. Targeted lipidomics reveals extensive changes in circu-
lating lipid mediators in patients with acutely decompensated cirrhosis.
J Hepatol 2020;73(4):817–828.

[57] Zaccherini G, Aguilar F, Caraceni P, Clària J, Lozano J, Fenaille F, et al.
Accessing the role of amino acids in systemic inflammatory responses and
organ failures in patients with ACLF. J Hepatol 2021 (in press).

[58] Van Wyngene LV, VandeWale J, Libert C. Reprogramming of basic
metabolic pathways in microbial sepsis: therapeutic targets at last?
EMBO Mol Med 2018;10:e8712.

[59] Ganeshan K, Chawla A. Metabolic regulations in immune responses. Annu
Rev Immunol 2014;32:609–634.

[60] Ganeshan K, Nikkanen J, Man K, Leong YA, Wulff J, Thomson JW, et al.
Energetic trade-offs and hypometabolic states promote disease tolerance.
Cell 2019;177:399–413.
684 Journal of Hepatology 2

Downloaded for Anonymous User (n/a) at Hospital of Pado
For personal use only. No other uses without permission
[61] Mohney RP, Freeman DH, Wang M, You J, Wulf J, Tompson JW, et al. An
integrated clinic-metabolomic model improves prediction of death in
sepsis. Scii Transl Med 2013;5:195ra95.

[62] Wang A, Luan HH, Medzhitov R. An evolutionary perspective of immu-
nometabolism. Science 2019;363(6423):eaar3932.

[63] Nishikawa T, Bellance N, Damm A, Bing H, Zhu Z, Handa K, et al. A switch
in the source of ATP production and a loss in capacity to perform
glycolysis are hallmarks of hepatocyte failure in advanced liver disease.
J Hepatol 2014;60:1203–1211.

[64] Arroyo V, Moreau R, Jalan R. Acute-on-Chronic liver failure. N Engl J Med
2020;382:2137–2145.

[65] Cohen J. The immunopathogenesis of sepsis. Nature 2002;420:885–891.
[66] Delano MJ, Ward PA. The immune system’s role in sepsis progression,

resolution, and long-term outcome. Immunol Rev 2016;274:330–353.
[67] Hotchkiss RS, Moldawer LL, Opal SM, Reinart K, Turubull JR, Vincent JL.

Sepsis and septic shock. Nat Rev Dis Primers 2016;2:16045. https://doi.
org/10.1038/nrdp.2016.45.

[68] Fernández J, Acevedo J, Wiest R, Gustot T, Amorós A, Deulofeu C, et al.
Bacterial and fungal infections in acute-on-chronic liver failure: preva-
lence, characteristics and impact on prognosis. Gut 2018;67:1870–1880.

[69] Louvet A, Wartel F, Castel H, Dharancy S, Hollebecque A, Canva-
Delcambre V, et al. Infection in patients with severe alcoholic hepatitis
treated with steroids: early response to therapy is the key factor.
Gastroenterology 2009;137:541–548.

[70] Vergis N, Atkinson SR, Knapp S, Maurice J, Allison M, Austin A, et al. In Pa-
tients with Severe Alcoholic Hepatitis, prednisolone increases susceptibility
to infection and infection-related mortality and is associated with high
circulating levels of bacterial DNA. Gastroenterology 2017;152:1068–1077.

[71] Clària J, Moreau R, Fenaille F, Amoros A, Junot C, Gronbaek H, et al.
Orchestration of tryptophan-kynurenine pathway, acute decompensation,
and acute-on-chronic liver failure in cirrhosis. Hepatology 2019;69:1686–
1701.

[72] Bernsmeier B, Por OT, Singanayagam A, Triantafyllow E, Patel VC,
Weston CJ, et al. Patients with acute-on-chronic liver failure have
increased number of regulatory immune cells expressing the receptor
tyrosine kinase MERTK. Gastroenterology 2015;148:603–615.

[73] O'Brien AJ, Fullerton JN, Massey KA, Auld G, Sewell G, Gilroy DW, et al.
Immunosuppression in acutely decompensated cirrhosis is mediated by
prostaglandin E2. Nat Med 2014;20:518–523.

[74] Korf H, du Plessis J, van Pelt J, De Groote S, Cassiman D, Verbeke L, et al.
Inhibition of glutamine synthetase in monocytes from patients with
acute-on-chronic liver failure resuscitates their antibacterial and inflam-
matory capacity. Gut 2019;68:1872–1883.

[75] Bernsmeier C, Triantafyllou E, Brenig R, Lebosse FJ, Singanayagam A,
Patel VC, et al. CD14+CD15-HLA-DR-myeloid-derived suppressor cells
impair antimicrobial responses in patients with acute-on-chronic liver
failure. Gut 2018;67:1155–1167.

[76] Weichselbaum L, Azouz A, Smolen KK, Das J, Splittgerber M, Lepida A,
et al. Epigenetic basis for monocyte dysfunction in patients with severe
alcoholic hepatitis. J Hepatol 2020;73:303–314.

[77] Bernsmeier C, van der Merwe S, Périanin A. The innate immune cells in
cirrhosis. J Hepatol 2020;73:186–201.

[78] Gabay C, Kushner I. Acute-phase proteins and other systemic responses to
inflammation. N Engl J Med 1999;340:448–454.

[79] Vecchi C, Montosi G, Zhang K, Lamberti I, Duncan SA, Kaufman RJ, et al. ER
stress controls iron metabolism through induction of hepcidin. Science
2009;325:877–880.

[80] Bauer M, Press AT, Trauner M. The liver in sepsis: patterns of response and
injury. Curr Opin Crit Care 2013;19:123–127.

[81] Bellomo R, Kellum JA, Ronco C, Wald R, Martens son J. Acute kidney injury
in sepsis. Intensive Care Med 2017;48:816–828.

[82] Post EH, Kellum JA, Bellomo R, Vincent JL. Renal perfusion in sepsis: from
macro-to micro microcirculation. Kidney Int 2017;91:45–60.

[83] Gomez H, Ince C, De Backer DD, Pickers P, Payen D, Hotchkiss J, et al.
A unified theory of sepsis-induced acute kidney injury: inflammation,
microcirculatory dysfunction, bioenergetics and the tubular cell adapta-
tion to injury. Shock 2014;41:3–11.

[84] Trawalé JM, Paradis V, Ratou PE, Francoz C, Escolano S, Sallé M, et al. The
spectrum of renal lesions in patients with cirrhosis: a clinicopathological
study. Liver Int 2020. https://doi.org/10.1111/j.1478-3231.2009.02.182.

[85] Shah N, Mohamed FE, Javier-Cobos M, Macnughtan J, Nathan D, Moreau R,
et al. Increased renal expression and urinary excretion of TLR4 in acute
kidney injury associated with cirrhosis. Liver Int 2013;33:398–409.
021 vol. 74 j 670–685

va from ClinicalKey.com by Elsevier on June 11, 2021. 
. Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0168-8278(20)33836-8/sref38
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref38
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref38
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref38
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref39
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref39
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref39
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref40
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref40
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref41
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref41
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref41
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref42
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref42
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref42
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref42
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref43
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref43
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref43
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref44
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref44
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref44
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref45
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref45
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref46
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref46
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref46
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref46
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref47
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref47
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref47
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref47
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref48
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref48
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref48
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref49
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref49
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref50
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref50
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref50
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref51
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref51
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref51
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref52
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref52
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref52
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref52
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref52
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref53
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref53
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref53
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref54
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref54
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref54
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref55
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref55
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref55
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref55
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref56
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref56
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref56
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref56
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref57
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref57
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref57
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref58
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref58
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref58
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref59
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref59
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref60
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref60
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref60
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref61
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref61
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref61
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref62
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref62
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref63
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref63
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref63
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref63
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref64
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref64
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref65
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref66
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref66
https://doi.org/10.1038/nrdp.2016.45
https://doi.org/10.1038/nrdp.2016.45
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref68
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref68
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref68
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref69
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref69
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref69
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref69
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref70
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref70
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref70
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref70
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref71
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref71
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref71
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref71
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref72
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref72
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref72
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref72
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref73
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref73
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref73
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref74
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref74
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref74
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref74
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref75
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref75
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref75
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref75
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref75
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref75
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref75
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref76
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref76
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref76
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref77
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref77
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref78
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref78
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref79
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref79
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref79
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref80
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref80
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref81
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref81
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref82
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref82
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref83
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref83
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref83
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref83
https://doi.org/10.1111/j.1478-3231.2009.02.182
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref85
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref85
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref85


[86] Ince C, Mayeux PR, Nguyen T, Gómez H, Kellum JA, Ospina-Tascón GA,
et al. The endothelium in sepsis. Shock 2016;45:259–270.

[87] Gomez H, Kellum JA. Sepsis-induced acute kidney injury. Curr Opin Crit
Care 2016;22:546–553.

[88] Piano S, Schmidt HH, Ariza X, Amoros A, Romano A, Hüsing-Kabar A, et al.
Association between grade of acute on chronic liver failure and response
to terlipressin and albumin in patients with hepatorenal syndrome. Clin
Gastroenterol Hepatol 2018;16:1792–1800.

[89] Bernardi M, Angeli P, Clària J, Moreau R, Gines P, Jalan R, et al. Albumin
in decompensated cirrhosis: new concepts and perspectives. Gut
2020;69:1127–1138.
Journal of Hepatology 2

Downloaded for Anonymous User (n/a) at Hospital of Pado
For personal use only. No other uses without permission
[90] Caraceni P, Riggio O, Angeli P, Alessandria C, Nevi S, Fochi FG, et al. Long-
term albumin administration in decompensated cirrhosis (ANSWER): an
open-label randomized trial. Lancet 2018 Jun 16;391(10138):2417–2429.
https://doi.org/10.1016/S0140-6736(18)30840-7. Epub 2018 Jun 1.

[91] Casulleras M, Flores-Costa R, Duran-Güell M, Alcaraz-Quiles J, Sanz S,
Titos E, et al. Albumin internalizes and inhibits endosomal TLR signaling
in leukocytes from patients with decompensated cirrhosis. Sci Transl Med
2020 Oct 21;12(566):eaax5135. https://doi.org/10.1126/scitranslmed.
aax5135.

[92] Hemmi H, Takeuchi O, Kawai T, Kaisho T, Sato S, Sanjo H, et al. A Toll-like
receptor recognizes bacterial DNA. Nature 2000;408:740–745.
021 vol. 74 j 670–685 685

va from ClinicalKey.com by Elsevier on June 11, 2021. 
. Copyright ©2021. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0168-8278(20)33836-8/sref86
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref86
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref87
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref87
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref88
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref88
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref88
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref88
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref89
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref89
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref89
https://doi.org/10.1016/S0140-6736(18)30840-7
https://doi.org/10.1126/scitranslmed.aax5135
https://doi.org/10.1126/scitranslmed.aax5135
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref92
http://refhub.elsevier.com/S0168-8278(20)33836-8/sref92

	The systemic inflammation hypothesis: Towards a new paradigm of acute decompensation and multiorgan failure in cirrhosis
	Current paradigm of AD
	Background of systemic inflammation in cirrhosis
	Systemic inflammation is the common mechanism for major complications and organ failures in AD
	Do all patients with AD exhibit systemic inflammation at hospital admission and during early follow-up? Is the severity of  ...
	Do type and number of precipitants impact the severity of systemic inflammation at admission?
	Does the evolution of systemic inflammation correlate with the patient’s clinical course?
	Which mechanisms underpin the link between systemic inflammation and multiorgan dysfunction or failure?
	Connection between systemic inflammation hypothesis and the classical physiopathological concepts of ascites, encephalopath ...

	Bacterial infections in AD may be caused by immunoparesis
	Liver failure and acute kidney injury in AD as seen by the systemic inflammation hypothesis
	Albumin treatment downregulates systemic inflammation in decompensated cirrhosis
	Main proposals of the systemic inflammation hypothesis
	Final remarks
	Abbreviations
	Financial support
	Conflict of interest
	Authors’ contributions
	Data availability statement
	Supplementary data
	References


